The reactions of 2-cyano-3-ferrocenylacrylonitrile with malononitrile in a EtOH/H 2 O or MeOH/ H 2 O medium in the presence of Na 2 CO 3 afforded 6-alkoxy-2-amino-4-ferrocenylpyridine-3,5-dicarbonitriles 3a,b (multi-component condensation), 6-alkoxy-2-amino-4-ferrocenyl-3-ferrocenylmethyl-3,4-dihydropyridine-3,5-dicarbonitriles 4a,b (multi-component cyclodimerization) and Na + polymeric complexes:
Introduction
patent literature [1] [2] [3] reflect mainly their employment in military-industrial establishment and rocket technologies. Publications demonstrating the use of ferrocene derivatives in nonlinear optics devices, chemistry of polymeric materials, synthetic organic chemistry (asymmetric synthesis) [3] [4] [5] [6] [7] , medicinal chemistry [8] [9] [10] [11] [12] [13] [14] [15] supramolecular chemistry [16] , chemical and biosensors [17] , materials science [18, 19] , etc.
The ferrocene molecule itself is an energy-rich structure. Therefore, studies on compounds comprising other energy-rich fragments, such as ene, diene, and polyene chains, fused carbo-and heterocyclic systems, etc, in addition to the ferrocene moiety, are of special interest [20] . The incorporation of one or two ironcontaining ferrocene substituents into a heterocyclic molecule will extend the spectrum of valuable characteristics. In particular, ferrocenyl-substituted pyridines have been extensively studied as ligands, in the synthesis of non-linear optical materials [21] [22] [23] . However, their biological activities have not been studied thoroughly. Various methods to prepare ferroceno-containing pyridines have been reported [14] . Syntheses of ferrocenylpyridines are mainly carried out via Negishi cross-coupling reactions of FcZnCl with bromopyridines [24] , the condensations of 1,3-diketones with ferrocenecarboxaldehyde in the presence of AcONH 4 [25] ; the interactions of ferrocenyl-1,2-enones with 3-aminocrotononitrile [26] , ethyl 3-aminocrotonate [26] or acetonitrile in the presence of Me 3 COK [27] . The interest in pyridine compounds bearing ferrocenyl substituents in the molecules can be traced back to the discovery of ferrocene. This is determined by a peculiar chemical behavior of such compounds due to mutual influence of the metallocene and heterocyclic moieties. In particular, biological activities of many nitrogen heterocycles, such as quinuclidines, pyrazolines, pyrazoles, pyrimidines and tetrahydropyridazines, bearing ferrocenyl substituents, have been reported [8] . It may be expected that ferrocenylpyridines and cyano(ferrocenyl)pyridines will also prove valuable, because they possess diverse biological activity like: potential bio-receptor ligands [8, 28] , new drugs [14, 17, 29, 30] , and significant intermediates for the synthesis of important materials [16, 31, 32] . For these reasons, development of new compounds containing cyano and ferrocenyl groups in the pyridines would be highly valued. The present work, reports the results from our investigations related to the reactions of the condensation of 2-cyano-3-ferrocenylacrylonitrile 1 with malononitrile 2 and of the tandem-transformations of 1 in alcohols/ aqueous medium in the presence of bases and nucleophiles. Also the electrochemical behavior and antitumor activity of the 6-alkoxy-2-amino-4-ferroce-nylpyridine-3,5-dicarbonitriles and 6-alkoxy-2-amino-4-ferrocenyl-3-ferrocenylmethyl-3,4-dihydropyridine-3,5-dicarbonitriles were studied.
Results and discussion
All experiments were carried out using 2-cyano-3-ferrocenylacrylonitrile 1 with malononitrile 2 [∼1:1.2 (exp. 1), ∼1:3(exp. 2), respectively] in EtOH/H 2 O or MeOH/H 2 O medium in the presence of Na 2 CO 3 by reflux. The following competitive processes occur upon this reaction: formation of 6-alkoxy-2-amino-4-ferrocenylpyridine-3,5-dicarbonitriles 3a,b [∼48-50 % (exp. 1), ∼5-6 % (exp. 2), multi-component condensation], cyclodimers 4a,b [∼18-20 % (exp. 1), 6-7 % (exp. 2), multi-component cyclodimerization], and formation of the Na + polymeric complexes: {[Na
2)],where L = ethanol, methanol (Scheme 1). All products were isolated by column chromatography on alumina: compounds 3a,b and 4a,b with eluent 2:1 hexane -dichloromethane), 5a,b with eluent 6:1 dichloromethane -methanol and 6a,b with eluent 1:2:1 dichloromethane -methanol -water, and their structures were characterized by IR and NMR spectroscopy, mass spectrometry, and elemental analysis (see Experimental section). According to the 1 H-and 13 C-NMR data, the cyclodimerization of 1 occurs with high diastereoselectivity, and compounds 4a and 4b were isolated as a single diastereomeric form. One cannot rule out the formation of minor diastereomeric products; however they could not be isolated and characterized.
The molecular structures of compound 4b was determined by X-ray diffraction analysis of their single crystals. The general views of molecule 4b are shown in Fig. 1 .
Key elements of the molecules 4b is the central six-membered ring with one nitrogen atom in the halfchair conformation. The N(1)-C(23) (for 4b) bond lengths is equal to d = 1.319(3) Å. The ferrocenyl and ferrocenylmethyl substituents at C-4 and C-5 of 4b is trans oriented relative to the 6-membered cycle.
Compounds 5a,b and 6a,b are red powders. Their structures were established by IR, 1 H and 13 C NMR spectroscopy and mass spectrometry (see Experimental section). The IR spectra of compounds 5a,b and 6a,b contain bands at 2170-2225 cm -1 , which are characteristic of the cyano groups. The 1 H NMR spectra of these compounds contain characteristic signals for one ferrocenyl substituent and signals for one molecules of ethanol or methanol. In addition, the spectra of compounds 6a and 6b contains also signals for protons of the NH 2 groups. The data obtained from the 13 C NMR spectra of 5a,b and 6a,b corroborate the presence in each compound of one ferrocenyl fragment, one methyl group, four cyano substituents, and they also contain signals of one C ipso Fc carbon atoms, three and six quaternary carbon atoms, respectively. 2-ferroceny(tetracyano)propene and 3,5-dicyano-6-dicyanomethyl-(ferrocenyl)pyridine, respectively, and ethanol or methanol ligands (Scheme 1).
Further, we observed that upon recrystallization of compounds 5a from CH 3 CN, acetonitrile substitutes ethanol forming a new crystalline product 5c. Similarly, recrystallization of 6a from CH 3 Crystal structures of compound 5c, 6d and 6e were determined by X-ray diffraction analysis of single crystals. The structures 5c, 6d and 6e consist of substituted cyanoferrocenyl anions and sodium cations. In both compounds unsubstituted (Cp) and monosubstituted (Cp*) rings are planar within 0.006 Å [the greatest deviations are observed for substituted C(6) atoms] (Figs. 2 and 3) .
As expected, ferrocenyl fragments are approximately parallel. All Fe-C distances adopt ordinary values (Cambridge Structure Database, 5.34 [33] ).
In 5b, Cp* ring is substituted by 1,1,3,3-tetracyanopropene fragment. This negatively charged moiety may be treated as a superposition of two resonance forms (Scheme 3):
The central sp (Fig. 4) with Na…Na distances equal to 3.832 Å. In crystal, these dimers are combined by ferrocenyl anions in sophisticated 3D-packing. To our best knowledge, anion 5c is the second example of bis(malononitrile)methanide [34] , in contrast to well-known to tris(malononitrile)methanide anions -C[C(CN) 2 ] 3 (25 compounds in CSD [33] ). In 6d all cyano groups are linear with C-C≡N angles > 174.5(3)°. All nitrile nitrogen atoms are involved in the interactions with Na cation. However, nitrogen atoms N(1) and N(2) do not form coordination bonds with the cation. The N(1) atom is sterically hindered, while the N(2) is electronically depleted due to the strong conjugation with electronegative pyridyl cycle.
The sodium cation has a distorted octahedral coordination environment with ortho-angles ranging within 78.52(7)-111.47(8)°. Five of the six coordination sites are occupied by nitrile nitrogen atoms with Na…N distances vary within 2.419(2)-2.989(2) Å. The sixth position is engaged by solvent dimethylformamide molecule (Na…O -2.323(2) Å). Two adjacent sodium polyhedra share common edge forming dimeric center symmetric arrange with Na…Na separation equal to 3.724 Å (Figs. 5 and 6 ). In crystal, this dimeric units are linked by ferrocenyl anions in complicated 3D-network.
The formation of the complex of 2-ferrocenyl(tetracyano)propenyl sodium 5a in the reaction of 2-cyano-3-ferrocenylacrylonitrile with malononitrile in the presence of Na 2 CO 3 in H 2 O -MeOH solution proceeds, via Michael-addition reaction [35] (Scheme 4): According to the results obtained the formation of 2-amino-4-ferrocenylpyridine-and diferrocenyl(dihydro)pyridine-3,5-dicarbonitriles 3a,b and 4a,b in the presence of bases and nucleophiles, and complexes of 2-amino-4-ferrocenyl-6-pyridyldicyanomethyl sodium 6a-f proceeds via multi-component condensation reaction [36] (Schemes 5a,b and 6).
The intermediates 7-10 are possibly generated in one step and then transformed into complexes 5a-c and 6a-f, respectively.
To verify the mechanism described in Scheme 5b above, the cyclodimerization of 2-cyano-3-ferrocenylacrylonitrile 1 was carried out under identical conditions in ethanol in the presence of water and Na 2 CO 3 . The product of the cyclodimerization, 2-amino-4-ferrocenyl-3-ferrocenylmethyl-6-ethoxy-3,4-dihydropyridine-3,5-dicarbonitrile (4a), was obtained with ∼32 % yield. Thus, cyclodimerization of compound 1 represents a novel type of the three-component anomalous reaction of [4+2]-cycloadition, absolutely different from the Diels-Alder reaction. 
Pharmacology
In order to evaluate the applicability of four compounds (3a-6a) as antitumor agents, they were tested in vitro against six human tumor cell lines: U-251(glioma), PC-3(prostate), K-562 (leukemia), HCT-15 (colon), MCF-7 (breast) and SKLU-1 (lung). A primary screening at a fixed concentration showed cytotoxicity against the six human tumor cell lines tested, besides human lymphocytes normal (MT2) and macrophages murinos (MTT). Cisplatin at 50 μM in DMSO was used as a positive control (Table 1) .
Compound 3a showed a 93.4, 96.1 and 91.9 percents inhibition of cellular growth at 50 μM for three human tumor cell lines (PC-3, K562 and HCT-15, respectively) and also 88.72 percent inhibition of besides human lymphocytes (MT2).
Compound 4a showed better activity than cisplatin for PC-3, K562 and MT2 (Table 1) .
Conclusion
Reactions C NMR spectroscopy, mass-spectrometry, and single crystal X-ray diffraction analysis. The synthesized compounds 3a-6a were evaluated for their in vitro anticancer activities against six human tumor cell lines: U-251(glioma), PC-3, K-562, HCT-15, MCF-7, SKLU-1 and MT2. Compounds 3a and 4a presented higher activity activity against three tumoral cell lines than cisplatin, which was used as reference.
Experimental section General
All the solvents were dried according to standard procedures [37] and were freshly distilled before use. Column chromatography was carried out on alumina (Brockmann activity III Perkin -Elmer instruments) using KBr pellets. The mass spectra were obtained on a Varian MAT CH-6 instrument (EI MS, 70 eV). Elementar Analysensysteme LECO CHNS-900 was used for elemental analyses. The unit cell parameters and the X-ray diffraction intensities of 4b, 5c, 6d and 6e were recorded on a Gemini (detector Atlas CCD, Cryojet N 2 ) diffractometer. The structure of compounds 4b, 5c, 6d and 6e were solved by the direct method (SHELXS-97 [38] ) and refined using full-matrix least-squares on F 2 . 2-Cyano-3-ferrocenylacrylonitrile 1 was prepared by condensation of ferrocenecarbaldehyde with malononitrile in benzene in the presence of piperidinium acetate [39] .
Reaction of 2-cyano-3-ferrocenylacrylonitrile 1 with malononitrile 2 in the presence of Na 2 CO 3 A mixture of compound 1 (1.13 g, 5.0 mmol), malononitrile 2 (0.4 g, 6.0 mmol), ethanol or methanol (100 mL), H 2 O (10 mL) and Na 2 CO 3 (0.5 g, 5.0 mmol) was stirred and refluxed for 8 h. The solvents were removed in vacuo and the residue was dissolved in dichloromethane (50 mL). The solution was mixed with Al 2 O 3 (activity III, 20 g) and the solvent was evaporated in air. This sorbent was applied onto a column with Al 2 O 3 (the height of alumina is ca. 20 cm) and the reaction products were eluted from the column first with petroleum ether, then with a 2:1 hexane-dichloromethane to give compounds 3a,b, 4a,b, polymeric compounds 5a,b (with 6:1 dichloromethane-methanol) and 6a,b (eluent 1:2:1 dichloromethane-methanol -water).
2-Amino-6-ethoxy-4-ferrocenylpyridine-3,5-dicarbonitrile (3a)
Red crystals, yield 0.89 g (48 %, exp.1), 0.12 g (6 %, exp. 
2-Amino-4-ferrocenyl-6-methoxypyridine-3,5-dicarbonitrile (3b)
Red crystals, yield 0. 9 g (50 %, exp. -6-ethoxy-4-ferrocenyl-3-ferrocenylmethyl-3,4-dihydropyridine-3 
2-Amino

2-Amino-4-ferrocenyl-3-ferrocenylmethyl-6-methoxy-3,4-dihydropyridine-3,5-dicar-bonitrile (4b)
Cytotoxicity assay
The compound were screened in vitro against human cancer cell lines: HCT-15 (human colorectal adenocarcinoma), MCF-7 (human mammary adenocarcinoma), K562 (human chronic myelogenous leukemia), U251 (human glioblastoma), PC-3 (human prostatic adenocarcinoma), SKLU-1 (human lung adenocarcinoma), cell lines were supplied by National Cancer Institute (USA). The human tumor cytotoxicity was determined using the protein-binding dye sulforhodamine B (SRB) in microculture assay to measure cell growth. As described in the protocols established by the NCI. [40] The cell lines were cultured in RPMI-1640 medium supplemented with 10 % fetal bovine serum, 2mM L-glutamine,10 000 units/mL penicillin G sodium, 10 μg/mL streptomycin sulfate and 25 μg/mL amphotericin B (Gibco) and 1 % non-essential amino acids (Gibco). The cultures were maintained at 37 °C in a 5 % CO 2 humidified atmosphere. As determined with trypan blue, the viability of the cell used en the experiments exceeded 95 %.
The cells were removed from the tissue culture flasks by treatment with trypsin, and diluted with fresh media. One-hundred-microliters cell suspension aliquots, containing 5000-10 000 cell per well, were transferred into 96 well microtiter plates (Costar) and incubated at 37 °C for 24 h in a 5 % CO 2 atmosphere.
Stock solutions of test compounds initially dissolved in DMSO (20 mM) were prepared and further diluted in medium to produce the desired concentrations. One-hundred-microliters aliquots of diluted solutions of test compounds were added to each well. The cultures were exposed for 48 h to the compound at concentrations 50 μM. After the incubation period, cells were fixed to the plastic substratum by the addition of 50 μL of cold 50 % aqueous trichloroacetic acid. The plates were incubated at 4 °C for 1 h, washed with tap H 2 O, and air-dried. The trichloroacetic-acid-fixed cells were stained by the addition of 0.4 % SRB. Free SRB solution was the removed by washing with 1 % aqueous acetic-acid. The plates were the air-dried, and the bound dye was solubilized by the addition of 100 μL10 mM -unbuffered Tris base. The plates were placed on a shaked for 5 min, prior analysis. Optic densities were determined in a Ultra Microplated Reader (El x 808: Bio-Tek Instruments, Inc., Winooski, VT, USA) using test wavelength of 515 nm.
Isolation and culture of primary peritoneal macrophages
Isolation and culture of primary peritoneal macrophages were conducted as described elsewhere [41] . Swiss female mice, 25-30 g, were treated in accord with the Animal Care and Use Committee (NOM-062-Z00-1999). Mice were injected intraperitoneally with 1 mL of 3 % (wt vol -1 ) thioglycollate 3 days before harvesting. Peritoneal exudate cells were harvested, washed and suspended in DMEM. Peritoneal exudate cells were seeded into 48 well plates (Becton Dickinson, Oxnard, CA, USA) at a density of 1 × 10 6 cells mL -1 , and then incubated for 2 h at 37 °C in a 5 % CO 2 incubator. Non-adherent cells were washed off and cultured in DMEM supplemented with 10 % FCS.
Cell viability was determined by the MTT colorimetric assay. Briefly, 10 μL MTT [3-(4,5-dimethyl-thiazol-2-yl)-2,3-diphenyltetrazolium bromide] was added to the medium after 48 h incubation with the test samples. After 4 h culture, the medium was removed and DMSO were added to dissolved the formazan solution produced in the cells. The optical density of the formazan solution was measured with a microplated reader at 414 nm [42] .
